Density functional theory (DFT) and time-dependent density functional theory (TDDFT) calculations, employing the B3LYP method and the LANL2DZ, 6-31G*(LANL2DZ for Tc), 6-31G*(cc-pVDZ-pp for Tc) and DGDZVP basis sets, have been performed to investigate the electronic structures and absorption spectra of the technetium-99m-labeled methylenediphosphonate ( 99m Tc-MDP) complex of the simplest diphosphonate ligand. The bonding situations and natural bond orbital compositions were studied by the Mulliken population analysis (MPA) and natural bond orbital (NBO) analysis. The results indicate that the σ and π contributions to the Tc-O bonds are strongly polarized towards the oxygen atoms and the ionic contribution to the Tc-O bonding is larger than the covalent contribution. The electronic transitions investigated by TDDFT calculations and molecular orbital analyses show that the origin of all absorption bands is ascribed to the ligand-to-metal charge transfer (LMCT) character. The solvent effect on the electronic structures and absorption spectra has also been studied by performing DFT and TDDFT calculations at the B3LYP/6-31G*(cc-pVDZ-pp for Tc) level with the integral equation formalism polarized continuum model (IEFPCM) in different media. It is found that the absorption spectra display blue shift in different extents with the increase of solvent polarity.
Introduction
In the past few years, technetium (Tc) complexes have received considerable attention for their interesting physical, chemical, radiochemical and biological properties as well as their medical applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] Particular interests have been devoted to the complexes containing the γ-emitting isotope 99m Tc since they found very promising applications as diagnostic radiopharmaceuticals due to the favorable nuclear properties (E γ = 142 keV, t 1/2 = 6.02 h), wide availability and low cost of the radionuclide 99m Tc. [4] [5] [6] [7] [8] [9] A variety of 99m Tcbased radiopharmaceuticals have been developed and approved by the Federal Drug Administration (FDA) for determining organ function or assessing disease status by imaging methods. [7] [8] [9] Bone imaging agents are among the first developed 99m Tc-based radiopharmaceuticals and among the most widely used radiopharmaceuticals in the diagnostic nuclear medicine, 7 which involve the coordination of 99m Tc to diphosphonates such as methylenediphosphonate (MDP) 10 and hydroxymethylenediphosphonate (HMDP). 11 They have been used for many years in bone scanning and provided an effective means of diagnosing primary bone cancer, metastatic bone disease, Paget's disease, osteoporosis and bone trauma.
Recently, a series of novel 99m Tc-diphosphonate complexes have been extensively reported experimentally. 12 We have also been involved for several years in the synthesis and biological evaluation of novel 99m Tc-diphosphonate complexes for developing novel potential bone imaging agents.
13 Despite the importance and widespread clinical use of these complexes, however, almost no definitive information is available as to their structures. Even for the complex 99m Tc-MDP (Scheme 1), where MDP is the simplest member of the diphosphonate ligands used in the preparation of 99m Tc-based bone imaging agents, very little is actually known about its formulation and structure. This is largely because that 99m Tc is available at tracer levels, which does not permit characterization of the complex by routine spectroscopic and analytical methods. This lack of fundamental chemical information not only restricts the development of improved 99m Tc-diphosphonates, but also severely hinders the development of analogous diphosphonate formulations containing β-emitting radionuclides such as 186 Re, which could be used for the treatment of metastatic bone cancer. 4, 8 In fact, over the past several years considerable effort has been devoted to understanding the fundamental chemistry of 99m Tc/
186
Re-diphosphonate radiopharmaceuticals.
14 For ex- Tc-MDP in aqueous solution by an EXAFS (extended X-ray absorption fine structure) analysis. Elder et al.
14c also studied the structure and composition of Re-HEDP as an analogue of the radiotherapeutic agent Re-HEDP by EXAFS spectroscopy. Recently, molecular modeling and quantum chemical (QM) calculation have been carried out by us to predict the structure and understand the fundamental chemistry of the metal-based diagnostic agent 99m Tc-MDP.
14d To the best of our knowledge, however, there are few studies on the metalligand bonding nature, electronic structure and spectral property of the 99m Tc-diphosphonates in spite of the welldeveloped technetium chemistry with other ligands.
As well known, with the rapid development on the computer technology and theoretical chemistry, studies on the compounds could be facilitated and more economical with the computer modeling and simulating. These not only provide useful information that is difficult or impossible to measure, but also lead to a reduction in unnecessary measurement or synthesis of candidates in the course of designing new materials. Thus, it is necessary to perform a theoretical investigation on the title compound for further understanding its other physical, chemical, and radiochemical properties.
In this study, a detailed theoretical investigation on the electronic structures and absorption spectral property of the prototypical technetium-diphosphonate complex 99m Tc-MDP was carried out using density functional theory (DFT) 15 and time-dependent density functional theory (TDDFT) 16 as an extension of previous studies on the complex 99m Tc-MDP. Also, some comparisons have been made among different methods and different solvents. We hope the comparisons can indicate the effect of the basis set and the solvent on the electronic structures and absorption spectra, which will provide instructive information for the ongoing research on the 99m Tc-based radiopharmaceuticals and could guide the molecular design and analysis of novel 99m Tc-diphosphonate bone imaging agents.
Computational Methods
According to the previous studies on the complex 99m Tc-MDP, 14d two energetically most preferred isomers were selected for studying the electronic structure, absorption spectrum, and solvent effect as well as the basis set effect. They were fully optimized without any symmetry restrictions by the Berny method at the DFT-B3LYP level 17 with the LANL2DZ basis set. 18 To characterize the nature of the stationary point, harmonic vibrational analysis was performed subsequently on each optimized structure at the same level. For comparison and investigation of the basis set effect, the basis sets 6-31G*(LANL2DZ for Tc), 19 6-31G* (cc-pVDZ-pp for Tc) 20 and DGDZVP 21 were also used in combination with the B3LYP functional to study the structure and properties of 99m Tc-MDP. The bonding interactions and natural bond orbital compositions were studied and analyzed by the Mulliken population analysis (MPA) 22 and natural bond orbital (NBO) analysis. 23 The electron density diagrams of molecular orbitals were generated with the GaussView graphics program.
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On the basis of the optimized ground-state geometries, TDDFT 16 calculations were performed at the same level of accuracy as specified above to investigate the absorption properties of the title complex. In addition, the solvent effect on the electronic structures and spectral properties of the title complex was also studied by performing self-consistent reaction field (SCRF) calculations using the integral equation formalism polarized continuum model (IEFPCM).
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The solute-solvent boundary was defined by using a solvent excluding surface, and the solute surface was defined by using the United Atom Topological model for the radii of the solute atoms. Six solvent models were employed: cyclohexane (ε = 2.023, R solv = 2.815 Å), dichloroethane (ε = 10.36, R solv = 2.505 Å), ethanol (ε = 24.55, R solv = 2.18 Å), acetonitrile (ε = 36.64, R solv = 2.155 Å), dimethylsulfoxide (ε = 46.7, R solv = 2.455 Å), and water (ε = 78.39, R solv = 1.385 Å), where ε is the dielectric constant and R solv is the sphere radius of the solvent.
All calculations were performed with the Gaussian03 program package 26 on a DELL PE 2850 server and a Pentium IV computer, using the default convergence criteria given in the program.
Results and Discussion
Bonding Nature. The optimized structures of cis and trans isomers of the complex 99m Tc-MDP are presented in Figure 1 , showing one Tc center bridging two MDP ligands. The atomic numbering used in the text is also shown. The vibrational frequencies calculated on the basis of the optimized structures ascertain that they are stable (no imaginary frequencies) on their potential energy surfaces. To gain insight into the bonding situation existing in the title complex, theoretical studies on the electronic properties of the equilibrium geometry by means of Mulliken population analysis. As known, the MPA overlap populations reflect the electron accumulations between two atoms which are usually regarded to be a measure of the bond character and strength. In general, positive and negative values of overlap population correspond to the bonding and antibonding states, respectively. A value close to zero indicates that there is no significant interaction between two atoms.
In Table 1 , the MPA overlap populations relative to the metal-ligand and phosphorus-ligand bondings are listed. As for the cis isomer of the title complex, the overlap populations between Tc and O of the MDP ligands (i.e., P Tc-O2 , P Tc-O6 , P Tc-O7 , P Tc-O11 ) are found to be 0.112-0.228 while those in the trans isomer are 0.126-0.231, which both decrease in the order of 6-31G*(cc-pVDZ-pp for Tc) > LANL2DZ > 6-31G*(LANL2DZ for Tc) > DGDZVP. At the same calculation level, the corresponding values of the cis isomer are smaller than those of the trans, indicating the bonding interactions between these atoms in the former are weaker than those in the latter. On the contrary, the overlap populations between Tc and O of the hydroxy ligands (i.e., P Tc-O20 , P Tc-O21 ) in the cis isomer (0.114-0.215) are larger than those in the trans isomer (0.113-0.165), suggesting that these bonding interactions in the former are stronger than those in the latter.
On the other hand, the chemical bonding in transition metal complexes is usually described in terms of ionic and covalent interactions between the metal and the ligands. In many transition metal complexes (especially complexes of first-row transition metals), the ionic contribution to metalligand bonding is thought to be dominant. However, in the title complex the metal-oxygen bonding also has a significant covalent contribution in addition to the ionic contribution. This is reflected in the metal-oxygen orbital mixing (see Figure 4 and Figures S1-S3 of the Supporting Information). And a high bond overlap population indicates a high degree of covalency in the bond (see Table 1 ). The ionic contribution is related to the atomic charges of the metal (ca. 1.3 e) and the oxygen atoms of the ligand (ca. −0.7 e). Furthermore, from the MPA and NPA (natural population analysis) 27 derived partial charges of selected atoms in the free ligand OH and MDP as well as the complex Tc-MDP (Table 2 ) one can find that the partial negative Tc-MDP (right) at the B3LYP/LANL2DZ level. Tc-MDP trans- charges on the hydroxy oxygens (O20, O21) range from −1.13/−1.31 to −0.82/−1.04 e as the free OH coordinates the Tc(IV) center to yield the cis-and trans-Tc-MDP. The increase in the oxygen charges certainly leads to the reduction in the formal charge of Tc(IV). Besides, the partial charges on the carbon, oxygen and phosphorus in the free MDP all change greatly in the coordinated complex, which also result in the change of the formal charge of Tc(IV). All these can likely be attributed to the nephelauxetic effect, whereby the ligand electron donation partially shields the metal d electrons from the central-ion nuclear charge and drives expansion of the d-electron "cloud". 28 This also agrees well the conclusion drawn by Pauling 29 that "Stable M-L bond formation generally reduces the positive charge on the metal as well as the negative charge on the ligand."
Inspecting the overlap populations of P-O and P-C bonds, we can draw a conclusion that the bonding interactions between P3 and O2, O12 in the cis isomer are slightly larger than those in the trans one while those between P3 and O13, C4 in the former are slightly smaller than those in the latter. Noteworthy is that the bonding overlap populations of P3-O12 are over two times larger than those of P3-O2, P3-O13 and P3-C4 except those obtained at the B3LYP/LANL2DZ level are abnormal, indicating P3-O12 possesses double bond character. This is in line with the geometric parameter analysis of the P-O bond in previous experimental and theoretical studies.
14a,30
Although MPA can provide a correct global trend, it suffers from some shortcomings especially the basis set dependence and NBO is much more reliable. 31 Therefore, in order to gain reliable bonding features, the extent of bonding interaction between atom centers in cis-and trans99m Tc-MDP was further investigated using NBO theory. The conventional parameters have been analyzed such as bond order and NBO distribution, which are frequently used to characterize the bonding situation in the molecule.
The calculated Wiberg bond indices (WBI) 32 are listed in Table 1 . The results indicate that six Tc-O bonds and P3-O2, P3-O13, P3-C4 all possess single-bond character while P3-O12 exhibits double-bond character, consistent with the conclusions drawn from the MPA overlap populations and geometrical parameters. And the higher bond order of P-O bonds suggests that they are stronger than the Tc-O bonds. Similarly, from the WBI values we can conclude that the bond strengths of Tc-O2, Tc-O6, Tc-O7, Tc-O11, P3-O13 and P3-C4 in the cis isomer are stronger than those of the trans isomer, while those of Tc-O20, Tc-O21, P3-O2 and P3-O12 are weaker in the former than in the latter. With the basis set ranging, the bond orders between Tc and O of the MDP ligands are found to decrease in the order of LANL2DZ > 6-31G*(LANL2DZ for Tc) > 6-31G*(cc-pVDZ-pp for Tc) > DGDZVP for both isomers, while other bond orders vary diversely. The WBI of the trans isomer is also symmetrical as the Mulliken populations due to its C 2h symmetry. These electronic features can be observed intuitively from Figure  2 , which compares the bonding interactions in the cis-and trans99m Tc-MDP at different levels of DFT theory from the MPA and NBO analyses. A, B, C, and D denote the calculations at the B3LYP/LANL2DZ, B3LYP/6-31G*(LANL2DZ for Tc), B3LYP/6-31G*(cc-pVDZ-pp for Tc), and B3LYP/DGDZVP levels, respectively.
In Table 3 the bond nature analysis for the core [TcO 6 ] 2− as obtained using B3LYP/6-31G*(cc-pVDZ-pp for Tc) is shown (the results obtained with other methods are included in the Supporting Information, Tables S1-S3). Inspection of natural hybrid orbital (NHO) compositions and occupancies suggests that the bonding interactions between the Tc and O centers are σ and π symmetry for both isomers. In all the NHO, the polarization coefficients between the Tc and O centers are significantly different, which suggest that the ionic contribution plays a dominant role in determining the overall strength of the metal-ligand bonding interaction. In the case of cis99m Tc-MDP, the Tc-O σ bonds are strongly polarized towards the oxygen atoms; the metal contributions to these bonds are between 12.98% and 18.02%. The Tc-O π bonds are even more polarized and the metal contributions are only between 6.51% and 8.22%. The s and particularly the p contributions characterize the Tc-O bond as a donoracceptor bond. The hybridization at technetium shows clearly that the d-orbital contribution dominates the Tc-O σ and π bonds. With respect to the trans99m Tc-MDP, the same is true. The hybridization at the metal atom shows mainly d character and at the non-metal exhibits mainly p character. A strong polarization toward the non-metal was detected in the Tc-O σ bonds, the contributions of technetium ranging from 10.47% to 16.48%. And more polarization toward the nonmetal was also detected in the Tc-O π bond with the metal contribution of only 8%. This description of the Tc-O bonds is in agreement with the results of a few studies regarding the analysis of the bonding situation in transition metal oxido complexes.
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Absorption Spectrum. In principle, the study of spectroscopic and photophysical properties as a function of ligand substituents can give insight into nature of the ground and excited states. 34, 35 It is known that DFT has become a useful tool in evaluating ground-state properties with an accuracy close to that of post-HF methods, and there is increasing interest in extending DFT to excited electronic states.
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Essentially they clarified the distinct nature of the transitions that yield the peculiar characteristics of the compounds. Nevertheless, very little experimental and theoretical work is yet available on this topic of 99m Tc-MDP despite the potential interest of an advanced quantum chemical approach for a better understanding of key issues, like the nature of both the ground and the excited states involved in the absorption and emission. Therefore, it is of great significance to study the spectral properties of 99m Tc-MDP. The calculated excitation energies (E) associated with their oscillator strengths ( f ), wavelengths (λ), and the main configurations of the cis99m Tc-MDP and trans99m Tc-MDP at the B3LYP/6-31G*(cc-pVDZ-pp for Tc) level are given in Table 4 as well as their assignments. The results obtained at other levels are presented in Tables S4-S6 of the Supporting Information. For clarity, only transitions with the oscillator strength larger than 0.0020 are included. For all transitions, only orbital contributions larger than 10% are taken into account. Figure 3 shows the absorption spectra of two isomers at different DFT levels, which are simulated by taking all transitions into account with a global half-band width of 10 cm −1
. Since there are no corresponding experimental values, we cannot make any comparison. We hope that our results will be used as reference data and helpful for the future investigation of technetium-diphosphonate complexes.
At first, by comparing the absorptions of cis99m Tc-MDP and trans99m Tc-MDP, it is indicated that the variation of the coordination site of the substituent changes the excitation energy and spectral property to a different extent. As shown in Figure 3 , the cis isomer has one intense electron transition band along with an absorption band as a shoulder and the trans isomer has two intense electron transition bands. At the same calculational level, locations of the peaks are extremely near for the cis and trans isomers, but the intensities of two peaks of the trans isomer are lower than the corresponding peaks of the cis isomer.
Inspecting Table 4 , it can be found that in the case of the cis isomer, the lowest energy absorption band located at 311 nm ( f = 0.0038) as obtained from the B3LYP/6-31G* (LANL2DZ for Tc) methodology, which can be described by the transitions βHOMO-4 → βLUMO, βHOMO-7 → βLUMO, and βHOMO-3 → βLUMO. Analysis of these frontier molecular orbitals (MOs) shows that the electron density is transferred from the phosphorus and oxygen donor atoms in the MDP ligand to the center metal Tc (see Figure   Figure 2 . Bond overlap populations (dash line) and bond orders (solid line) of the cis-and trans- 4). This indicates that the transition bears a significant ligand-to-metal charge transfer (LMCT) character. In the same spectrum, the intense absorption band at 282 nm ( f = 0.0131) is mainly originated from two transitions βHOMO-3 → βLUMO+1 and βHOMO-1 → βLUMO+2, which can also be assigned to the LMCT character (see Figure 4 ). This also reflects from another side that the analysis of MOs is not only relevant to gain insight into the chemical bonding between the metal atom and the ligands, but also instructive for the further understanding of the optical properties. In the case of the trans isomer, the calculated transition gives rise to the lowest energy absorption band and intense absorption band at 322 nm ( f = 0.0036) and 290 nm ( f = 0.0124), respectively, which are mainly attributed to the transitions βHOMO-2 → βLUMO and βHOMO-2 → βLUMO+2. They are principally ascribed to the redistribution of the electron density between the MDP-based MOs and the metal Tc-centered MOs. In other words, they are also assigned to the LMCT character. In summary, although the different coordination site of the hydroxyl group in the cis and trans isomers of the title complex leads to different transition intensities with different transition MOs, it does not significantly change the electron transition model.
Taking the basis set effect into account, in both absorption spectra of cis and trans isomers important red-shifts are detected on going from the basis set 6-31G*(cc-PVDZ-pp for Tc) to 6-31G*(LANL2DZ for Tc) to LANL2DZ and to DGDZVP (see Figure 3) . Meanwhile, the intensities of the absorption bands decrease in the order of 6-31G*(cc-PVDZpp for Tc) > 6-31G*(LANL2DZ for Tc) > DGDZVP > LANL2DZ. The molecular orbitals active in the electronic transitions of cis-and trans99m Tc-MDP at the B3LYP/ LANL2DZ, B3LYP/6-31G*(LANL2DZ for Tc), and B3LYP/ DGDZVP levels are displayed in Figures S1-S3 of the Supporting Information, respectively. One can see that at different levels the HOMOs in both isomers are nearly completely localized on the MDP moiety and the hydroxyl, while the LUMOs are almost predominately localized on the center metal Tc. This indicates that electronic transitions corresponding to the absorption spectra of the title complex at other DFT levels are also mainly assigned to the LMCT character.
Solvent Effect. Solvent Effect on Energy: As known, the order and composition of frontier molecular orbitals (FMOs) of the anion is an important factor in determining their reactivity, redox properties, and excited-state structures. However, it is also acknowledged that the highly charged anion does not exist in the gas phase; moreover, FMOs of the negatively charged system are sensitive to the size of the basis set. 36 Thus, based on the gas-phase optimized ground-state structures, single point energy calculations were carried out for the cis and trans isomers of the complex 99m Tc-MDP with the IEFPCM model. Six solvent models and a larger size basis set 6-31G*(cc-pVDZ-pp for Tc) were employed for solvent and basis considerations. Table 5 gives the total electronic energies and FMO energies of the cis-and trans99m Tc-MDP in cyclohexane, dichloroethane, ethanol, acetonitrile, dimethylsulfoxide, and water solvents as well as in the gas-phase. The stabilization Tc-MDP calculated at different levels of DFT theory. Table 4 . Dominant optical transition characters for the lowest excitation states of the cis-and trans- energy by solvent was calculated as the relative energies of the cis and trans conformations in the solvent to those in the gas phase, i.e., ΔE sol = E T sol − E T gas ; and therefore a negative ΔE sol indicates that the conformation in the solvent is more stable than that in the gas-phase.
According to our calculations, it was found that the solvent effect significantly decreased the total energies E T and the solvent stabilization energy ΔE sol of the cis and trans isomers, suggesting both of them in the solvent are more stable than in the gas phase. Especially as the medium ranges from the gas-phase to cyclohexane to dichloroethane, the decreasing amplitude for the E T and ΔE sol was remarkably large for both isomers. However, as the solvent changing from the dichloroethane to water with the polarity Figure 4 . Molecular orbitals active in the electronic transitions of cis-
Tc-MDP (a) and trans- increasing, E T and ΔE sol decreased slightly. These results suggest that cis and trans isomers of 99m Tc-MDP are easy to dissolve in polar solvents and more stable in more polar solvent, but the solvent effect is more obvious with the smaller polarity. The FMO energies of cis and trans isomers also give the same feature. But the energy gap ΔE g between these FMOs almost did not change when compared with those in the gas phase. For example, the HOMO-LUMO gaps of cis and trans isomers in the gas phase are 0.136 and 0.133 a. u. respectively, whereas those in the solvents are 0.138 and 0.136 a. u. respectively. In addition, we did not observe any distinct difference in the order and composition of FMOs between the gas phase and solvents. Therefore, it is concluded that studying the electronic structure of the gasphase anion may be enough to understand the reactivity and excited-state structures of the title complex. The same conclusion has been obtained for other transition metal complexes.
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Here, it should be noted that the energy difference between the cis and trans isomers is relatively small and it decreases with the increasing solvent polarity. Therefore, a crucial question, how to prepare or separate the title compound with only one configuration in a practical way, still requires further studies.
Moreover, the solvent effect makes the dipole moment of the cis isomer increase with the solvent polarity increasing, indicating that the polarity of cis99m Tc-MDP increases with the increasing solvent polarity. This is attributed to the inductive effect of the solvent. As for the trans isomer, it keeps ca. 0 Debye in different solvents due to its C 2h symmetry, indicating its polarity is very small in different media. It was also found that the solvent effect on the stabilization energy is in parallel with that on the dipole moment of the cis isomer. And there is a good linear relationship between the solvent stabilization energies and the dipole moments of cis isomer in the set of solvents with the correlation coefficient of -0.99. That is, the stronger the solvent polarity is, the larger the dipole moment of solute is, and the higher the stabilization energy is.
Solvent Effect on Absorption Spectrum: Although the above study indicates the study of the electronic structure of the gas-phase anion may be enough to understand the excited-state structures of the title complex, it is generally acknowledged that different solvents can cause different excitation energy and absorption spectrum because of the solvent polarity. In general trends, the absorption spectra of mononuclear compounds are more affected with solvent polarity than binuclear complexes. 37 So, it is necessary to discuss the absorption change of the title complex caused by the solvent polarity. Figure 5 illustrates the different solvent effect on the absorption spectra of cis-and trans99m Tc-MDP intuitively, where the absorptions were calculated with the IEFPCM method in cyclohexane, dichloroethane, ethanol, acetonitrile, dimethylsulfoxide, and water at the B3LYP/6-31G*(ccpVDZ-pp for Tc) level. It is obviously that compared with the absorption spectra of both isomers in the gas phase, the solvent leads to a blue shift in the absorption band and increase in the intensity of electron transitions. As the solvent polarity increases, on the whole, a small blue shift is observed in the lowest energy absorption band and intense electron transition band, which agrees well with the experimental observation on other complexes. 37 However, as the solvent polarity increases to 4.30 (ethanol), no important shifts can be detected in the absorptions even further increasing the solvent polarity. In other words, ranging from ethanol to water the solvent has little effect on the absorption bands of the cis-and trans-Tc-MDP. This is consistent well with the changes of solvent stabilization energies ΔE sol , which are negligible in the polar solvents (ethanol, acetonitrile, dimethylsulfoxide and water) although their dielectric constants are significantly different.
Here, the solvent effect can be explained by the multiparametric method of Kamlet and Taft 38 in which the absorption and emission energies are correlated with different solvent properties according to the following equation, which is one of the most widely applied: 37 where is the value of the absorption or emission energies in a reference solvent, α is an index of the solvent ability to act as a hydrogen-bond donor toward a solute, β is a measure of the ability of a bulk solvent to act as a hydrogen-bond acceptor, π * is an index of the solvent polarity, and δ is the polarizability correction for different types of solvent that is usually negligible leading to a simplified equation. The parameters a, b, p, and d can be retrieved through a multiparametric fitting on various solvents. With respect to the solvatochromism in the absorptions of cis-and trans-Tc-MDP, it is essentially reflected in the parameter β, i.e., higher sensitivity to the H-bond acceptor (or electron donor) strength of the solvent; and it is less sensitive to the polarity of the solvent (π * ). That is, the solvent effect on the absorption and energies is mainly due to the fact that intermolecular hydrogen-bonding interactions between the complex Tc-MDP and the solvent changes greatly from the nonpolar solvent (cyclohexane) to the polar solvent (dichloroethane, ethanol, acetonitrile, dimethylsulfoxide and water) whereas it changes slightly in different polar solvents.
Conclusions
The present work investigated the bonding situations and absorption spectra of cis and trans isomers of the typical technetium-diphosphonate complex 99m Tc-MDP by DFT and TDDFT methods. The effect of basis set and solvent have also been studied. Major findings can be summarized as follows:
The bonding interactions between Tc and O of the MDP ligands in the cis isomer are weaker than those in the trans, while those between Tc and O of the hydroxy ligands in the former are stronger than those in the latter. The charge distribution reflects a significant ligand-to-metal electron donation, and NBO analysis indicates that the σ and π contributions to the Tc-O bonds are strongly polarized towards the oxygen atoms and the ionic contribution to the Tc-O bonding is larger than the covalent contribution. For both isomers, the origin of all absorption bands is ascribed to the LMCT character, where occupied oxygen-based orbitals and unoccupied technetium-centered orbitals are involved. Important red-shifts are detected for both isomers as the basis set ranging from 6-31G*(cc-PVDZ-pp for Tc) to 6-31G*(LANL2DZ for Tc) to LANL2DZ and to DGDZVP, and the intensities decrease in the order of 6-31G*(cc-PVDZ-pp for Tc) > 6-31G*(LANL2DZ for Tc) > DGDZVP > LANL2DZ.
Cis and trans isomers of 99m Tc-MDP are easy to dissolve in polar solvents and more stable in a more polar solvent. The solvent effect also leads to a blue shift in the absorption spectrum of the title compound, where the shift becomes smaller and negligible with the increasing solvent polarity. These studies can provide deep insight into the electronic structures and absorption spectra of the complex 99m Tc-MDP, which may be also instructive for the choice of solvent in future investigation of the spectral properties.
In addition, compared to all-electron basis sets, ECPs (effective core potentials) account to some extent for relativistic effects, which are believed to become important for the elements from the fourth row of the periodic table. Taking into account the computer resources and expended CPU time as well as the reliability of the calculated results, B3LYP/6-31G*(cc-PVDZ-pp for Tc) is suitable enough for studying the Tc-diphosphonate complexes in dealing with complicated electron correlation problems. This has a guiding role in the choice of method for further design and study of 99m Tc-based radiopharmaceuticals.
